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Abstract:
9 Secondary organic aerosols (SOA) account for a substantial fraction of air particulate 10 matter and SOA formation is often modeled assuming rapid establishment of 11 gas-particle equilibrium. Here, we estimate the characteristic timescale for SOA to 12 achieve gas−particle equilibrium under a wide range of temperatures and relative 13 humidities using a state-of-the-art kinetic flux model. Equilibration timescales were 14 calculated by varying particle phase state, size, mass loadings, and volatility of on chemical composition, temperature (T) and relative humidity (RH) (Virtanen et al., 43 2010; Koop et al., 2011; Zhang et al., 2015; Reid et al., 2018) . The occurrence of 44 glassy or amorphous solid states may lead to kinetic limitations and prolonged 45 equilibration timescale in SOA partitioning (Shiraiwa and Seinfeld, 2012; Booth et 46 al., 2014; Zaveri et al., 2014; Mai et al., 2015) , affecting evolution of particle size 47 distribution upon SOA growth (Maria et al., 2004; Shiraiwa et al., 2013a; Zaveri et 48 al., 2018) . A number of experimental studies have indeed observed kinetic limitations 49 of the bulk diffusion of organic molecules (Vaden et al., 2011; Perraud et al., 2012;  50 Ye et al., 2016a; Zhang et al., 2018) , while chamber experiments probing the 51 4 intraparticle mixing did not find kinetic limitations at moderate and high RH and 52 room temperature (Ye et al., 2016b; Gorkowski et al., 2017; Ye et al., 2018) . 53 Recently, global simulations predicted that SOA particles are expected to be 54 mostly in a glassy solid phase state in the middle and upper troposphere and also in 55 dry lands in the boundary layer (Shiraiwa et al., 2017) , which can lead to prolonged 56 characteristic bulk diffusion timescales of organic molecules within SOA particles 57 (Shiraiwa et al., 2011; Maclean et al., 2017) . Slow bulk diffusion associated with a 58 glassy phase state can prevent atmospheric oxidants to react with organic compounds 59 such as polycyclic aromatic hydrocarbons (Shrivastava et al., 2017b; Mu et al., 2018) (Liu et al., 2018) , cloud droplet activation (Slade et al., 2017) , and 68 ice nucleation pathways (Knopf et al., 2018) .
69
Given these observations and strong implications of SOA phase states, it is 70 important to evaluate common assumption of gas-particle partitioning equilibrium at 71 different ambient conditions. In this study we provide theoretical analysis of 72 partitioning kinetics of organic compounds using the kinetic multi-layer model of 73 5 gas-particle interactions in aerosols and clouds (KM-GAP) (Shiraiwa et al., 2012), 74 which accounts for mass transport in both gas and particle phases. 
Methods
85
We evaluate the timescale to achieve gas-particle equilibrium by simulating 86 condensation of a compound Z into pre-existing non-volatile mono-dispersed particles 87 using the KM-GAP model. KM-GAP consists of multiple model compartments and 88 layers, respectively: gas phase, near-surface gas phase, sorption layer, surface layer, 89 and a number of bulk layers . The following processes are 90 treated as temperature-dependent in KM-GAP: gas phase diffusion, 91 adsorption/desorption, surface-bulk exchange, and bulk diffusion (Fig. S1 ). The 92 physical and kinetic parameters are summarized in Table S1 . The gas-phase diffusion 93 coefficient depends on temperature (T) and ambient pressure (P Vogel-Tammann-Fulcher equation (Angell, 1991; Rothfuss and Petters, 2017; 109 DeRieux et al., 2018; Li and Shiraiwa, 2018 particle visocisty are also not considered in this study.
129
We mainly consider a closed system, in which condensation of Z would lead 130 to a decrease of its gas-phase mass concentration (C g ) and an increase of its 131 particle-phase mass concentration (C p ). The particle diameter stays practically 132 constant throughout each simulation, as the amount of condesing Z is set to be much 133 smaller than the non-volatile pre-existing particle mass (C OA ). The gas-phase mass 134 concentration of Z right above the surface (C s ) is also calculated based on the Raoult's 135 law and partitioning theory (Pankow, 1994) in equilibrium with the near-surface bulk, which is resolved by KM-GAP (Shiraiwa and Seinfeld, 2012 change of Z in the gas and particle phases are the same in these simulations. (Fig. S2) . Upon condensation C g decreases, while C s and C p increase, and the homogeneously well-mixed at τ eq , which is consistent with previous analytical 183 calculations (Liu et al., 2013; Mai et al., 2015) . In contrast, there exists a large 184 concentration gradient between the particle surface and the inner bulk (Fig. 3b, S3d) 185 at τ eq in highly viscous particles due to strong kinetic limitations of bulk diffusion (as 186 indicated by very long τ mix ), which prevents the entire particle bulk to reach complete 187 equilibrium. Thus, for LVOC condensation on highly viscous particles ( Fig. 2d) for the open system are provided in the supplement.
212
We also simulated evaporation in the closed system with same parameters as 213 the condensation simulations (Table S2 ). Initially C g = 0 µg m -3 and trace amounts of conditions particles are liquid with high bulk diffusivity ( Fig. 1a and S2a), thus 239 gas-particle partitioning is controlled by gas-phase diffusion and interfacial transport 240 (Shiraiwa and Seinfeld, 2012; Mai et al., 2015 τ eq for C 0 = 10 3 and 0.1 µg m -3 in the closed system are presented in Fig. A1 . In 250 general, τ eq would be shorter at higher C 0 when particles are liquid, as the partial 251 pressure gradient between the gas phase and the particle surface is smaller for higher 252 C 0 (Shiraiwa and Seinfeld, 2012; Liu et al., 2016 τ eq is generally shorter than τ mix as its mass transfer to the particle surface is governed 261 by condensation sink with negligible re-evaporation, while τ mix is still long to achieve 262 homogeneous mixing in the particle phase if particles are viscous.
263
Previous studies have shown that τ eq depends on particle size (Liu et al., 2013; 264 Zaveri et al., 2014; Mai et al., 2015) and particle mass loadings (Shiraiwa and 265 Seinfeld, 2012; Saleh et al., 2013) . For further examination of these effects at , 2017) . At these conditions τ eq should be mostly less than 30 minutes (Fig. 6a, b) . and concentration gradients in the particle bulk ( Fig. 2d and 3b ). This is also (Fig. 4, S7 hydroperoxides) in water may also affect gas-particle partitioning (Tong et al., 2016 , 7, 1961-1971, https://doi.org/10.5194/acp-7-1961-2007, 2007. 537 Petters, S. S., Kreidenweis, S. M., Grieshop, A. P., Ziemann, P. J. 
